Objective: The identification of neurobiological intermediate phenotypes may hasten the search for susceptibility genes in complex psychiatric disorders such as schizophrenia. Earlier family studies have suggested that deficits in executive cognition and working memory may be related to genetic susceptibility for schizophrenia, but the biological basis for this behavioral phenotype has not been identified.
Schi zophrenia is a highly heritable condition, but genetic susceptibility is complex and thought to arise from the combined effects of multiple susceptibility alleles and environmental factors. This has complicated the search for these susceptibility genes with traditional linkage approaches (1, 2) . An alternative approach is based on the identification of so-called intermediate phenotypes (e.g., deficits in cognition [3] or abnormalities in evoked electrophysiological potentials [4] ) that are identified in patients with schizophrenia and in their unaffected relatives. It is presumed that these phenotypes reflect a more predictable effect of susceptibility genes (5, 6) . In general, the search for intermediate phenotypes relies on the fact that siblings, even when unaffected by the full-blown illness under study, share on average 50% of their ill siblings' alleles. Thus, to the extent that susceptibility alleles are related to a putative intermediate phenotype, siblings express that phenotype at a frequency higher than the general population (i.e., have a greater relative risk) (7, 8) . Analogous approaches to phenotypic reduction and to gene discovery have been used in other complex genetic disorders, such as colon cancer, hypertension, and diabetes (9) . Deficits in cortical information processing have been especially attractive intermediate phenotypes related to schizophrenia as they are stable and cardinal features of the illness and are also found with greater frequency in healthy relatives (10) (11) (12) (13) (14) (15) (16) . Information processing refers to the flow of information through various brain circuits during simple (e.g., sensory perception) and complex (e.g., problem solving) cognitive processes. In a more narrow sense, information processing also connotes the synaptic architecture and functional characteristics of the neuronal assemblies handling this flow of information. Deficits of various aspects of information processing are frequently found in schizophrenia and include abnormalities of sensory gating measures, such as the P50 evoked potential (15) , and impairment of cognitive tasks, such as those involving working memory (17) (18) (19) (20) and executive cognition (e.g., as measured by the Wisconsin Card Sorting Test) (21, 22) . Abnormal function of the dorsolateral prefrontal cortex has been prominently discussed as a source of these cognitive deficits (21, 23) .
Deficits in working memory and executive cognition also appear to be related to genetic risk for schizophrenia.
For example, Goldberg et al. (24) examined working memory in monozygotic twins who were discordant for schizophrenia and in normal monozygotic twins. Subtle working memory deficits were found even in the unaffected twins that implicated a genetic component to working memory dysfunction that was transmitted independently from manifest schizophrenia. More recently, Cannon et al. (25) examined the heritability of a variety of neuropsychological deficits in 18 monozygotic and 30 dizygotic twin pairs who were discordant for schizophrenia and found strong evidence for genetic loading in spatial working memory deficits. Analogous results have been reported in studies of nontwin siblings of patients with schizophrenia (13, 26) . The presence of greater concordance for working memory deficits than for the diagnosis of schizophrenia in sibships raises some important issues. First, it suggests that susceptibility genes for schizophrenia may affect the biological mechanisms of working memory and executive cognition. Second, genetic analyses solely reliant on manifest schizophrenia may fail to identify some carriers of susceptibility alleles who manifest an intermediate phenotype related to prefrontal dysfunction. More important, if we observe greater concordance in families for working memory deficits than for manifest schizophrenia, we might imagine even greater concordance for phenotypes based on the abnormal physiology underlying working memory deficits. This is assumed because behavioral deficits presumably result from a physiological abnormality, while a physiological abnormality does not necessarily predict a behavioral deficit, as cognitive compensation may occur in otherwise intact individuals. Thus, it might be possible to get even closer to the biological effects of susceptibility genes in unaffected siblings by targeting primary physiological abnormalities independent of the presence of behavioral deficits.
Functional neuroimaging has recently identified a physiological abnormality in patients that may have these characteristics. Using blood-oxygenation-level-dependent (BOLD) functional magnetic resonance imaging (fMRI), two laboratories have demonstrated that schizophrenia patients who perform nearly as well as comparison subjects on certain working memory tasks manifest an exaggerated activation response at the dorsolateral prefrontal cortex (27) (28) (29) . Although the mechanism of this abnormal fMRI response remains unclear, and it is likely related to the particulars of the experimental design, we have described it empirically as functional inefficiency of the dorsolateral prefrontal cortex based on the notion that the increase in the fMRI response (and presumably the neuronal activity underlying it) does not produce greater accuracy. However, this exaggerated response of the dorsolateral prefrontal cortex is not a sine qua non of the dorsolateral prefrontal cortex in schizophrenia, as other physiological abnormalities have been described (e.g., lower response in the dorsolateral prefrontal cortex assessed under different conditions with functional neuroimaging [21, 22, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] ). Notwithstanding uncertainty about its mechanism, the inefficiency response of the dorsolateral prefrontal cortex is particularly appealing for study as a potential genetic susceptibility trait for several reasons including the fact that 1) it is not easily correlated with abnormal behavior per se, such as reduced performance, attention, or motivation (as are underactivation responses), and 2) a functional polymorphism in the gene for catechol O-methyltransferase (COMT) that has been associated with schizophrenia (42-44) also has been associated with our fMRI measure of inefficiency in the dorsolateral prefrontal cortex (45) .
We hypothesized, therefore, that the inefficiency response of the dorsolateral prefrontal cortex is a biological trait related to genetic risk for schizophrenia and that as a manifestation of abnormal information processing in the circuitry of the dorsolateral prefrontal cortex, it would be apparent even if compensation could be made at the manifest behavioral level. To test this hypothesis, we used the same fMRI and working memory protocol as previously described (29, 34, 46) to study cognitively unimpaired and clinically unaffected siblings of schizophrenic patients in relation to healthy comparison subjects. We predicted that physiological inefficiency of the dorsolateral prefrontal cortex would be found in unaffected siblings, even without deficits in task performance. We studied two independent cohorts of unaffected siblings with no apparent working memory deficits at the level of task performance. During the interval between the collection of these two data sets, considerable improvements in fMRI methods were made. Regardless, we found complementary evidence in both cohorts that an abnormal fMRI response of the dorsolateral prefrontal cortex during working memory challenges may be an intermediate phenotype associated with genetic risk for schizophrenia.
Method

Subjects and Experimental Protocol
We performed two studies in two independent groups-an initial investigation followed by a planned replication. In the first study, we compared 38 unaffected siblings of schizophrenic patients to 32 healthy comparison subjects using the N-back working memory task. fMRI data from 18 healthy comparison subjects were reported previously (29) . In the second study, we compared fMRI data from 30 unaffected siblings and 23 healthy comparison subjects. The details of recruitment of patients, their siblings, and healthy comparison subjects as part of the Clinical Brain Disorders Branch Sibling Study (Protocol 95-M-0150) are described elsewhere (16) . Briefly, patients were recruited from local and national sources advertised in print, by word of mouth, and on the Internet. Probands with diagnoses of schizophrenia and schizoaffective disorder were selected. All siblings of suitable probands were contacted and invited to participate. Healthy volunteers were recruited from the National Institutes of Health Clinical Research Volunteer Program and were screened in an identical fashion to patients and siblings. This study was approved by the institutional review board of the intramural program of the National Institute of Mental Health. All subjects gave written informed consent before participation.
Healthy siblings of schizophrenic patients (both cohorts) and healthy volunteers were given the Structured Clinical Interview for DSM-IV (SCID) (47) to determine the presence of any psychiatric illnesses, a neurological examination, a battery of neuropsychological tests, an EEG, and a screening MRI examination (16) . Siblings were included only if they did not have schizophrenia or a schizophrenia spectrum disorder (e.g., schizoaffective disorder, schizotypal and schizoid personality disorders)-hereafter referred to as "unaffected siblings." Additional exclusion criteria included the inability to give informed consent, an IQ below 70, a history of substance abuse within the past 6 months, a history of significant neurological illness, and any focal abnormalities found by EEG or MRI. The healthy comparison subjects were screened by using the same criteria. The comparison subjects were matched to the siblings for age, gender, years of education, handedness, and socioeconomic status as closely as possible.
After the fMRI data collection, our most important inclusion criterion was fMRI data quality, as has been discussed elsewhere in greater detail (35, 48) . From the first study, 15 siblings and 14 comparison subjects were excluded for insufficient data quality, leaving a final cohort of 23 unaffected siblings and 18 healthy comparison subjects (Table 1 ). In the second study, five siblings and eight comparison subjects were excluded because of insufficient data quality, leaving a final second cohort of 25 siblings and 15 comparison subjects (Table 1) . While comparison subjects and siblings were screened to exclude schizophrenia spectrum diagnoses, four unaffected siblings had a history of major depression. Overall, 78% of the siblings from these families were successfully recruited. In general, more than one sibling per proband was recruited wherever possible; however, only one sibling per proband was included in the two studies reported herein. The probands of these siblings were composed of 18 patients with schizophrenia and five patients with schizoaffective disorder, depressed type, with the following demographic characteristics: age 39 years (SD= 10), 20 of 23 were men, duration of illness=16 years (SD=10), 18 of 23 treated with atypical antipsychotics (chlorpromazine-equivalent dose=584 mg, SD=383), and 14 years of education (SD=2). In the second study, four of the unaffected siblings had a history of major depression. Overall, 87% of the siblings from these families were successfully recruited. The probands of these siblings were composed of 22 patients with schizophrenia and three patients with schizoaffective disorder with the following demographic characteristics: age 38 years (SD=7), 22 of 25 were men, duration of illness=17 years (SD=9), 14 of 25 treated with atypical antipsychotics (chlorpromazine-equivalent dose=337 mg, SD=154), and 14 years of education (SD=2). Attrition was not selective, and all data-quality checks were performed blind to subject identity and diagnosis. The demographic characteristics were similar between those included and those excluded. Specifically, IQ, score on the Wide Range Achievement Test, Revised (WRAT-R) (51), age, education, and family socioeconomic status were not different in the first study. The only significant difference in the second study was that IQ was slightly higher for the siblings included (IQ=110) than those excluded (IQ=106) (t=2.1, df=28, p=0.04). N-back performance did not differ between those included and those excluded in either study. All subjects included in these analyses were of European American ancestry. The unaffected siblings were not different from the comparison subjects in global cognitive function (comparison subjects' mean IQ=105.9, SD=15.8, versus siblings' mean IQ=108.3, SD=13.0; comparison subjects' mean WRAT-R score=108, SD=7, versus siblings' mean WRAT-R score=109, SD=9).
All subjects underwent a training session immediately before fMRI data acquisition to practice the N-back task as described previously (29, 35, 46) . Designed to force subjects to constantly update their mental set while minimizing interference from incoming stimuli, our version of the N-back task consisted of continual presentation of visual stimuli (the numbers 1-4 appeared randomly every 1.8 seconds for 500 msec) at set locations at the points of a diamond-shaped box ( Figure 1 ). In contrast to other versions of the N-back task, every number was both a probe and a target (i.e., a 100% target). Instructions displayed above the diamond informed the subjects to recall the stimulus seen "N" previously. The stimuli were generated by a standard desktop computer running in-house software (by R. Coppola) and presented by means of a fiber-optic goggle system (Resonance Technology, Van Nuys, Calif.).
Responses were recorded by means of a fiber-optic response box with buttons arrayed in the same configuration as the stimuli presented on the screen and relayed back to the computer for tabulation of performance accuracy. The original N-back program used in the first study only recorded accuracy; however, reaction time was added for the second study. Working memory load was varied across the following range: 0 back, 1 back, and 2 back in the first study and between 0 back and 2 back in the second study. The different levels of working memory load (0 back, 1 back, and 2 back) entailed delays of 0, 1.8, and 3.6 seconds, respectively, between the probe and the target. Before beginning the fMRI scanning session, all of the subjects were trained to the point at which their performance (accuracy) for each level of the task (0 back, 1 back, and 2 back) remained constant. We found no significant changes in Nback performance over the duration of a typical fMRI scanning session beyond this point (35) .
Demographic characteristics were compared between the siblings and the comparison subjects in the following manner: gender and handedness were compared between groups by using chi-square, while age, years of education, and socioeconomic status were compared between groups by using two-tailed t tests (STATISTICA, StatSoft, Inc., Tulsa, Okla.). Performance data were analyzed as follows: between-group comparisons of performance (both studies) and reaction time (second study only) were made by using repeated-measures analysis of variance (ANOVA) with diagnosis as the between-group and working memory load as the within-group factors, followed by post hoc planned comparisons (STATISTICA, StatSoft, Inc., Tulsa, Okla.).
Study 1: fMRI Data Acquisition
fMRI studies were performed on a standard 1.5-T General Electric Signa Scanner (Milwaukee) outfitted with a combined radio frequency and gradient insert coil (Medical Advances, Milwaukee). Echo planar imaging BOLD fMRI data (52) were acquired as described previously (interleaved, TE=60 msec, whole-brain TR= 4 seconds, voxel dimensions=3.75 mm isotropic) (53) . High-resolution T 1 -weighted spin-echo whole-brain anatomical images ( TE=10 msec, TR=500 msec, 3.75 mm isotropic voxels) were coregistered to the fMRI data for localization. In the first study, working memory load was pseudorandomized between 0-back, 1-back, and 2-back tasks and interspersed with an eyes-open fixation condition consisting of a blank diamond (rest) (Figure 1 ). The rate of presentation was held constant throughout at approximately every 1800 msec. Task conditions lasted 20 seconds, with eight conditions per block. Nine such blocks were collected (35) . Ninety whole-brain fMRI volumes were obtained for each working memory load (i.e., 180 whole-brain fMRI volumes for a comparison of 0-back to 2-back tasks).
Study 2: fMRI Data Acquisition
In the second study, the subjects received the same instructions and prescanning routine. fMRI was performed on the same 1.5-T General Electric Signa Scanner (Milwaukee) by using a standard head coil and a fast spiral sequence (interleaved, TE=24 msec, whole-brain TR=2000 msec, voxel size=3.75 mm isotropic) (54) . As during echo-planar imaging data collection, whole-brain anatomical images were acquired for localization. The rate of pre-sentation of stimuli and all other N-back characteristics were the same as those previously noted. In the second study, however, we used a simpler block design in which one block consisted of eight alternating 0-back and 2-back task conditions. Task conditions lasted for 16 seconds, with 16 conditions per block. Each block lasted 256 seconds, with 16-second conditions alternating between 0-back and 2-back. A total of 128 whole-brain fMRI volumes were obtained. Technical advances introduced between the first and second studies (54) allowed for a simpler design that produced a similar number of whole-brain volumes for each individual (180 versus 128, respectively) and reduced the time spent in the magnet for all subjects.
fMRI Data Analysis
For both studies, fMRI data processing began with registration of whole-brain fMRI volumes by using a sinc interpolation (55) to the initial fMRI brain volume of a block. These whole-brain volumes were then transformed into standard space (55) (56) (57) (58) . Voxel-wise signal intensities were ratio normalized to the whole-brain mean and then detrended in a linear fashion with the baseline at each voxel set to 1,000. To control for interindividual variance in regional anatomy, data were smoothed with a Gaussian filter (10×10×10 mm) in the same manner as has been applied to previous patient data sets (29, 35) . We analyzed these data using statistical parametric mapping (SPM 99; http://www.fil.ion.ucl.ac.uk/apm) (59) . In both studies, fMRI data were analyzed as time series modeled by a sine wave shifted by an estimate of the hemodynamic response. Individual subject maps were created by using one-sample t tests. The resultant contrast images were then entered into second-level (random effects) analyses for each data set separately, consisting of ANOVAs comparing siblings and comparison subjects, followed by analyses of covariance (ANCOVAs) examining the effects of age, education, and gender as determined by the demographic differences between groups. Finally, to address activation commonalities between data sets, we used the statistical parametric mapping results from the first study to create a mask that limited the analysis to the dorsolateral prefrontal cortex regions showing a significant group difference between unaffected siblings and comparison subjects. Statistically significant group differences (Table 2) were reported as voxel-intensity z values. For anatomical localization, statistical maxima of activation were converted to conform to the standard space of Talairach and Tournoux (60) . For the first study, we chose a statistical threshold of p<0.01 (uncorrected) with a minimum cluster size of eight voxels. Because the second study was a planned replication, we adopted a more liberal threshold of p<0.05 and a minimum cluster size of eight voxels.
Results
Demographic and Behavioral Data
In the first study, the groups did not differ significantly in age, handedness, or socioeconomic status (Table 1) . Siblings in this study had significantly fewer years of education but did not differ in socioeconomic status, suggesting that siblings and comparison subjects were reasonably matched for intellectual ability. In addition, the male/female ratio differed between the groups, with more female siblings included in this cohort. Although the siblings had significantly fewer years of education and differed in the ratio of male/female subjects (χ 2 =5.10, df=1, p<0.05) in study 1, this was not the case in the replication study. Nonetheless, ANCOVAs with age, years of education, and gender as confounds failed to change these results. In the second study, the siblings did not differ from the comparison subjects in years of education, socioeconomic status, or ratio of males/females. However, there was a small but significant difference in age (t=3.10, df=38, p<0.01) in the second study (Table 1) . Again, ANCOVA with age failed to change the results. In summary, the siblings and comparison subjects were reasonably well matched. The most consistent difference between the comparison subjects and siblings was that the comparison subjects were slightly younger in study 1 (t=1.95, df=39, p=0.06) and significantly different in study 2. In summary, none of these demographic differences accounted for the findings as revealed by additional ANCOVA.
In the first study, the unaffected siblings of patients with schizophrenia were indistinguishable from the healthy comparison subjects in terms of N-back working memory accuracy (main effect of diagnosis: F=0.13, df=1, 39, p= 0.71; main effect of load: F=23.0, df=2, 78, p<0.001; interaction of diagnosis by load: F=0.02, df=2, 78, p=0.94) ( Table  1 ). Compared to working memory accuracy on the 0-back task, performance was significantly worse, for both siblings and comparison subjects, on the 1-back and 2-back tasks (F=24.23, df=2, 80, p<0.01). N-back performance was not correlated with age, gender, or years of education. In the replication study, sibling performance was again indistinguishable from that of the comparison subjects for both the 0-back and 2-back tasks (main effect of diagnosis: F=0.28, df=1, 38, p=0.59; main effect of load: F=14.14, df=1, 36, p<0.001; interaction of diagnosis by load: F=0.01, df=1, 38, p=0.91) ( Table 1) . Again, compared to 0-back working memory accuracy, performance was worse for both the siblings and comparison subjects in the 2-back task. There also were no significant differences in 2-back reaction time between the siblings and comparison subjects (main effect of diagnosis: F=0.19, df=1, 36, p=0.66) ( Table 1) . Nback performance was significantly correlated with age (r= -0.37, p=0.02) but not with gender or education.
fMRI Data
In spite of similarities in working memory behavioral measures, the unaffected siblings and comparison subjects differed in their respective fMRI response to varying working memory load in both studies. There were no significant group differences in 1-back task performance in study 1. However, siblings in 2-back performance were hyperresponsive in a number of key working memory-related cortical regions, most notably the right dorsolateral prefrontal cortex (Brodmann's areas 9/10, 46) ( Table 2 , Figure 2, top) , as found previously in schizophrenic patients (29) . In addition, we found an exaggerated response in the bilateral inferior frontal gyrus (Brodmann's area 44/45), bilateral anterior cingulate (Brodmann's area 24/32), bilateral inferior parietal lobule (Brodmann's area 40), bilateral precuneus (Brodmann's area 7), right medial frontal gyrus (Brodmann's area 6), and right middle temporal gyrus (Brodmann's area 21/39). The healthy comparison subjects had a greater fMRI response in only one prefrontal region-the left medial frontal gyrus (Brodmann's area 10), a region not significantly related to working memory function (46) ( Table 2 ). The healthy comparison subjects were also more active in the right hippocampus, left precuneus 
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a Subjects viewed one diamond at a time. During the 0-back task, subjects identified the number currently seen. During the 2-back task, subjects encoded the current stimulus while indicating the number seen two stimuli previously. At the bottom, the general outlines for fMRI data acquisition are presented for studies 1 and 2. In study 1, 20-second periods of rest (R) and 0-back, 1-back, and 2-back tasks were pseudorandomly presented in blocks consisting of eight tasks. Nine blocks were collected in total. In study 2, one block alternating between 0-back and 2-back tasks was collected. (Brodmann's area 7), bilateral thalamus, right superior temporal gyrus (Brodmann's area 22/42), and several foci within the bilateral cerebellum. Greater activation in the cerebellum, hippocampus, and superior temporal gyrus was in close proximity to areas in which the comparison subjects were more active than the schizophrenia patients in our previous study (29) .
In the second study, we identified the same regional difference in the right dorsolateral prefrontal cortex (Brodmann's area 9/10) between the siblings and the comparison subjects (Table 2, Figure 2, bottom) . Areas of overactivation seen in the second study that did not appear in the first study included the right inferior frontal gyrus (47), posterior cingulate (Brodmann's area 31), fusiform gyrus (Brodmann's area 19) , and right thalamus. The only areas of overlap were the right dorsolateral prefrontal cortex and the left inferior parietal lobule (Brodmann's area 40). This was confirmed after masking the analysis with the results from study 1, revealing two areas of common activation in the right dorsolateral prefrontal cortex: the middle frontal gyrus (Brodmann's area 9) (x=48, y=17, z=29) (z=2.17) and the middle frontal gyrus (Brodmann's area 46) (x=40, y=42, z= 15) (z=1.80) (Figure 2, right) . At the same time, the healthy comparison subjects showed greater activation in the bilateral premotor cortex (Brodmann's area 6), left medial frontal gyrus (Brodmann's area 10), left parietal cortex (Brodmann's areas 7, 40), bilateral anterior cingulate (Brodmann's area 24/32), bilateral posterior cingulate (Brodmann's area 31), bilateral fusiform gyrus (Brodmann's area 18/37), left thalamus, right hippocampus, and cerebellum. Thus, the areas commonly overactivated in the healthy comparison subjects included the medial frontal gyrus (Brodmann's area 10), left precuneus (Brodmann's area 7), posterior cingulate, thalamus, and right hippocampus. In summary, in two separate cohorts, the unaffected siblings of schizophrenia patients showed greater activation in the right dorsolateral prefrontal cortex and left parietal lobule (both areas associated with working memory function), while the healthy comparison subjects were more active in areas outside of the typical working memory network.
Discussion
In two separate cohorts of cognitively intact and clinically unaffected siblings of schizophrenia patients, we identified an abnormal fMRI response in the dorsolateral prefrontal cortex characterized as an exaggerated or inefficient response of the dorsolateral prefrontal cortex during working memory activation. This abnormality would not have been predicted by performance on the working memory task, since the siblings did not perform abnormally, in terms of either response accuracy or response speed. This quantitative difference in activation suggested a qualitative difference in information processing within the dorsolateral prefrontal cortex that was not apparent at the level of manifest behavior. Overactivation of the right dorsolateral prefrontal cortex was the only finding consistently present in both sibling cohorts and in our earlier comparison of schizophrenia patients to comparison subjects (29) . A similar exaggerated response has also been observed by other investigators using a different working memory paradigm, although in the opposite hemisphere (27, 28) . As such, dorsolateral prefrontal cortex inefficiency is a replicable and abnormal physiological characteristic of information processing during working memory activation found in both schizophrenia patients and their unaffected siblings. While earlier twin studies had demonstrated a heritable component to working memory deficits in schizophrenia that indirectly implicated malfunction of the dorsolateral prefrontal cortex (12, 25) , the current data provide direct evidence of a physiological abnormality in information processing by the dorsolateral prefrontal cortex that may contribute to-but is transmitted independently of-manifest schizophrenic illness.
While the dorsolateral prefrontal cortex is not the only region involved in processing working memory or activated during performance of working memory tasks, differences between siblings and comparison subjects in other regions outside of the right dorsolateral prefrontal cortex did not show a consistent pattern between studies. For example, unaffected siblings showed an inefficiency response in the inferior parietal lobule (right Brodmann's area 40) and in the anterior cingulate that was not replicated in the second study. Within the working memory network, parietal and cingulate cortices are important nodes that have been found to be functionally abnormal in some studies of patients with schizophrenia (41, 61) . However, other data suggest that abnormal neuronal function of the dorsolateral prefrontal cortex may be a primary deficit that drives more distributed abnormalities within the working memory network (62) . In two studies of N-acetylaspartate, an intracellular neurochemical marker of neuronal integrity assessed with proton magnetic resonance spectroscopic imaging, only dorsolateral prefrontal cortex measures predicted activation within the working memory network (29, 63) .
Several caveats to the use of dorsolateral prefrontal cortex inefficiency as an intermediate phenotype are worth noting. First, because a cognitive probe like the N-back task evokes a distributed cortical network, the interpretation of abnormal activation in any single node of this network is somewhat unclear. Abnormal activation may arise as a direct consequence of pathology in this region but may also represent the down-or upstream effects of abnormalities in other working memory nodes. Evidence against this interpretation comes from our previous demonstrations that dorsolateral prefrontal cortex neuropathology (i.e., Nacetylaspartate measures) selectively and exclusively predicts activation both in the dorsolateral prefrontal cortex and in other nodes of the working memory network in patients with schizophrenia (29, 63) . While it might be desirable to map abnormal physiology with a more regionally selective task, this may be difficult in the dorsolateral prefrontal/supramodal cortex, which participates in a variety of cortical functions and exhibits complex inputs fromand projections to-many cortical and subcortical locales. We also cannot conclusively exclude a psychological explanation for our results (e.g., a difference in cognitive strategy in siblings), but this explanation seems superficial given the normal performance of all subjects and the subliminal nature of fMRI responses. More likely, the fMRI data suggest that at some level (e.g., synaptic architecture and functional circuitry) the cellular strategy for processing working memory information is abnormal in healthy siblings of patients with schizophrenia.
There were some demographic differences between our two study groups (although none were consistent in both cohorts) that could affect our findings. In the first cohort, the siblings had slightly fewer years of education than the comparison subjects. While general intelligence has been correlated with working memory capacity in healthy subjects, we failed to find a difference in accuracy between these two groups. Furthermore, years of education did not differ in the replication group. The unaffected siblings in the second cohort were slightly but significantly older than the comparison subjects, and the siblings were slightly older in the first study. Imaging studies have failed to identify a consistent pattern of activation changes associated with aging (finding both greater and less activation during cognitive activation in elderly than in younger subjects) (64) . Rypma and D'Esposito (65) found age-related fMRI differences during working memory activation; however, older subjects activated the dorsolateral prefrontal cortex less than younger subjects during memory retrieval, which is unlikely to explain greater activation in siblings. Most convincingly, ANCOVAs using age, gender, and years of education failed to alter our results. Given the uncorrected thresholds used in both studies, the potential for false positive results arises. However, such concerns are diminished by the replication of dorsolateral prefrontal cortex findings across studies.
Another caveat is that the ultimate usefulness of the intermediate phenotype approach in the genetics of complex illnesses will depend upon the assumption that intermediate phenotypes arise with simpler, ideally Mendelian genetic architecture. However, a complex cognitive function like working memory that involves several cortical regions and multiple-component cognitive functions (e.g., maintenance, retrieval, error detection, minimization of interference) may possess as complex a genetic architecture as schizophrenia itself. However, strong support for the assumption that cognitively based intermediate phenotypes will simplify the gene search comes from two recent studies. First, Freedman et al. (15) demonstrated linkage between an abnormal evoked P50 response that was associated with schizophrenia and a locus on chromosome 15. This finding has led to a refined search for chromosome 15q and identification of a likely candidate gene (66) . Second, Egan et al. (45) found that inheritance of the valine allele of the COMT gene is associated with schizophrenia, relatively abnormal executive cognition, and dorsolateral prefrontal cortex physiological efficiency in both healthy and ill populations. A single nucleotide polymorphism in COMT (Val 108/Met 158) confers a fourfold difference in enzymatic activity (67) . Using this N-back fMRI paradigm with equal performance across genotypes, they found a dramatic effect on prefrontal efficiency with MetMet individuals most efficient (with least activation), heterozygous Val-Met individuals intermediate in efficiency (with greater activation), and homozygous Val-Val subjects least efficient (with greatest activation). Thus, COMT appears to be a gene affecting prefrontal information processing by virtue of its effect on prefrontal dopamine signaling.
Furthermore, the demonstration in the present study of decreased dorsolateral prefrontal cortex efficiency during working memory activation in persons at greater genetic risk for schizophrenia might explain the greater risk for schizophrenia attributable to the COMT Val allele per se. In the context of a noisy and inefficient dorsolateral prefrontal cortex in individuals at greater genetic risk for schizophrenia (implicated by our fMRI data and accounted for by presumably genetic and environmental factors), inheritance of the COMT Val allele may further compound this abnormality in information processing in the dorsolateral prefrontal cortex, pushing these individuals closer to the state of abnormal prefrontal function that is associated with manifest schizophrenia. We believe this is a plausible mechanism by which the COMT Val allele represents a susceptibility allele for schizophrenia. If individuals at genetic risk for schizophrenia were not abnormal in terms of the efficiency of information processing in the dorsolateral prefrontal cortex, inheritance of the COMT Val allele would not further increase risk for this particular illness.
In conclusion, we found that unaffected siblings of schizophrenia patients had lower physiological efficacy of the dorsolateral prefrontal cortex during working memory, even without manifest working memory deficits. We replicated this finding in a second independent group. The observation that dorsolateral prefrontal cortex inefficiency during these conditions is related to genetic risk for schizophrenia may explain why inheritance of the COMT Val allele is associated with a slightly greater susceptibility to manifest schizophrenia (45) . The COMT Val contributes to dorsolateral prefrontal cortex inefficiency during working memory activation presumably because of its effects on dopamine signaling and may interact with the effects of other genetic and environmental causes of physiological inefficacy of the dorsolateral prefrontal cortex. That the dorsolateral prefrontal cortex under our conditions was found in unaffected siblings diminishes concerns that earlier demonstrations of dorsolateral prefrontal cortex inefficiency in schizophrenia patients (27) (28) (29) arose from illness-associated confounds such as antipsychotic medication or the effects of chronic mental illness. Although formal estimates of heritability remain to be determined, we infer that fMRI measures of neuronal function of the dorsolateral prefrontal cortex likely represent a promising approach to identifying candidate intermediate phenotypes for the identification of susceptibility genes in schizophrenia. At a more basic level, abnormal information processing in the dorsolateral prefrontal cortex appears to be a component of biological susceptibility for schizophrenia.
